INTRODUCTION
Balamuthia mandrillaris is an emerging protozoan pathogen that can cause fatal encephalitis in humans and animals (Visvesvara et al., 1990) . The life cycle of B. mandrillaris consists of two stages: an infective trophozoite stage and a dormant cyst stage (reviewed by Visvesvara et al., 2007; Siddiqui & Khan, 2008) . Trophozoites range in size from 12 to 60 mm with a mean size of 30 mm. They actively feed on other eukaryotic cells, and divide mitotically. However, under unfavourable conditions, such as lack of food, trophozoites differentiate into a cyst form (12 to 60 mm). Under the light microscope, the cyst appears double-walled with a thin irregular outer wall and a thick, round, inner wall. Both walls are separated by a middle amorphous fibrillar layer (Visvesvara et al., 2007) . Although B. mandrillaris is a soil amoeba and is closely related to Acanthamoeba, unlike Acanthamoeba, it is unable to prey on prokaryotes as a food source (Schuster & Visvesvara, 1996) . In vitro studies have shown that B. mandrillaris feed on small amoebae suggesting that they may play a role in the regulation of amoebae and perhaps other eukaryote populations in the environment (reviewed by Schuster & Visvesvara, 2004) . Furthermore, the free-living nature of this organism, and its ability to encyst in human tissues establishing latent infections, suggests that B. mandrillaris cysts have adapted to occupy diverse environments and may be resistant to a variety of hostile conditions. Here, we determined whether B. mandrillaris cysts are resistant to various physical, chemical and radiological conditions.
METHODS
B. mandrillaris cultures. Primary human brain microvascular endothelial cells (HBMECs) were used as food source for B. mandrillaris. The HBMECs were routinely grown on rat-tail collagen-coated dishes in RPMI 1640 containing 10 % heat inactivated fetal bovine serum, 10 % Nu-Serum, 2 mM glutamine, 1 mM pyruvate, 100 U penicillin ml 21 , 100 mg streptomycin ml 21 , nonessential amino acids and vitamins as described by Alsam et al. (2003) and Stins et al. (1997) . B. mandrillaris (isolated from baboon brain tissue) were obtained from the American Type Culture Collection (ATCC50209; www.atcc.org) and grown on HBMEC monolayers (Matin et al., 2006 . Briefly, B. mandrillaris were inoculated in 10 ml RPMI 1640 (10 5 amoebae ml 21 ) on HBMEC monolayers grown in T-75 tissue culture flasks. The amoebae consumed HBMECs within 48 h, and produced approximately 5610 6 -8610 6 amoebae (.95 % in trophozoite form). To obtain cysts, B. mandrillaris trophozoites were inoculated in RPMI 1640 (2610 5 ml
21
) and plates incubated at 37 uC for up to 7 days or until no trophozoites were observed, as previously described (Siddiqui et al., 2007) . Cysts were collected by centrifugation at 1000 g for 10 min, counted using a haemocytometer and used for subsequent experiments.
B. mandrillaris treatment assays. To determine the effect of repeated freezing-thawing on the cell numbers and the viability of amoebae, B. mandrillaris cysts (4610 5 amoebae ml 21 ) and trophozoites (4610 5 amoebae ml
) were frozen at 280 uC for 20 min in separate 1.5 ml microfuge tubes and then thawed by placing the tubes in a polystyrene rack and incubated at 37 uC in a water bath, through ambient temperature. This process was repeated five times. Subsequently, amoebae were counted using a haemocytometer. To determine their viability, treated and untreated amoebae were transferred onto HBMEC monolayers grown in 24-well plates. Plates were incubated at 37 uC in a 5 % CO 2 incubator, and B. mandrillaris growth was observed for up to 12 days. The presence of actively feeding trophozoites was considered as the presence of viable amoebae. The viability was confirmed further by inoculating amoebae on fresh HBMEC monolayers.
For high temperatures, B. mandrillaris trophozoites or cysts were prepared as described for the freeze-thaw method, and tubes were incubated at various temperatures including 42, 50, 60, 70, 80 and 90 uC for 60 min, and at 100 uC for 5 min in a heated block. Following this, the viability of B. mandrillaris trophozoites or cysts was determined as described for the freeze-thaw method.
For radiological conditions, B. mandrillaris cysts (4610 5 amoebae ml 21 ) and trophozoites (4610 5 amoebae ml
) were placed in 24-well plates, with the lids removed, and exposed to UV light for up to IP: 54.70.40.11
On: Fri, 07 Dec 2018 20:46:04 60 min (total irradiation 200 mJ UV cm 22 ) at room temperature. The viability of treated and untreated B. mandrillaris was determined as described above.
For chemical conditions, amoebae were incubated with chlorine, pentamidine isethionate and SDS. For chlorine, B. mandrillaris were incubated with various concentrations of chlorine, including 0.05, 0.5, 1.25, 2.5, 5, 10 and 25 p.p.m., at room temperature for 1 h. Following this incubation, amoebae were collected by centrifugation and resuspended in fresh RPMI 1640 and inoculated onto HBMEC monolayers for viability testing as described above. Similar methods were employed using the anti-amoebic drug pentamidine isethionate. To determine the effects of the detergent SDS on the viability of B. mandrillaris, amoebae were incubated with various concentrations of SDS, including 0.01, 0.05, 0.1 and 0.5 %, and their viability was determined as described above.
RESULTS AND DISCUSSION
Neither repeated freeze-thawing nor high temperature affected the viability of B. mandrillaris cysts
To determine the effect of harsh conditions on cell numbers and the viability of amoebae, B. mandrillaris cysts and trophozoites were freeze-thawed five times. The repeated freeze-thawing halved trophozoite numbers but had no significant effect on cyst numbers (data not shown). Next, to determine their viability, treated and untreated amoebae were transferred onto HBMEC monolayers. As shown in Table 1 , repeated freeze-thawing did not affect the survival of either trophozoites or cysts, both of which emerged as actively feeding trophozoites within 5-6 days. In contrast, untreated amoebae emerged within 48 h. Although freeze-thawing delayed emergence of amoebae, they were considered as viable as long as actively feeding trophozoites were observed within 12 days. The results are representative of at least three independent experiments.
To determine the effects of high temperatures, amoebae were incubated at various temperatures. Cysts withstood heating up to 70 u C for 60 min and produced viable, proliferating amoebae (Table 1) . Temperatures higher than 70 u C had a limited effect on cyst lysis (data not shown), but were detrimental to viability as no excystation was observed (Table 1) . In contrast, trophozoites were killed effectively at 60 u C for 60 min (Table 1 ). Of note, previous studies have shown that Acanthamoeba cysts can be effectively killed by heating at 60 uC for more than 5 min (Aksozek et al., 2002) . The results are representative of at least three independent experiments. UV light did not affect B. mandrillaris viability B. mandrillaris were exposed to UV for up to 60 min (total irradiation 200 mJ UV cm
22
) at room temperature. The results revealed that both B. mandrillaris cysts and trophozoites survived this dosage of UV (Table 1) . This was unexpected and to confirm that the UV irradiation was effective, Escherichia coli K-12 strain HB101 (4610 6 bacteria ml 21 ) was exposed to UV for 30 and 60 min. Both exposures effectively killed bacteria but not B. mandrillaris. The results are representative of at least three independent experiments. Interestingly, other studies have shown that Acanthamoeba also exhibits resistance to a high dosage of irradiation without any loss of viability (Aksozek et al., 2002) . It was suggested that DNA in encysted cells is not engaged in translational activities, which may explain their resistance to a high dosage of irradiation, and/or cells may be able to repair DNA without any loss of viability, in the case of trophozoites. Similar mechanisms may explain the ability of B. mandrillaris to tolerate DNA damage.
B. mandrillaris cysts are resistant to chlorine, pentamidine isethionate and SDS
Chlorine is a commonly used disinfectant for water treatment. The effects of chlorine on the viability of amoebae were determined. The viability of neither B. mandrillaris cysts nor trophozoites was affected by 0.05, 0.5, 1, 1.25, 2.5, 5, 10 and 25 p.p.m. chlorine (Table 2) . Again, this was unexpected and to confirm that the chlorine was effective, E. coli K-12 strain HB101 (4610 6 bacteria ml
21
) was incubated with the aforementioned concentrations of chlorine. The findings clearly demonstrated that concentrations as low as 2.5 p.p.m. effectively killed bacteria but not B. mandrillaris. Similarly, the effects of the anti-amoebic drug, pentamidine isethionate, were determined. The findings revealed that at physiological 
mandrillaris trophozoites and cysts
For the freeze-thaw method, both cysts (4610 5 amoebae ml 21 ) and trophozoites (4610 5 amoebae ml 21 ) were frozen at 280 u C for 20 min and then thawed by incubating at 37 uC. This process was repeated five times. For testing the effect of high temperatures, amoebae were incubated at 42, 50, 60, 70, 80 or 90 u C for 60 min, or at 100 u C for 5 min in a heated block. For UV irradiation, amoebae were placed in 24-well plates, with the lids removed and exposed to UV. Results are representative of at least three independent experiments. +, Amoebae remained viable following treatment; 2, amoebae non-viable following treatment.
Treatment Trophozoite Cyst
Freeze-thawing (five times) concentrations, pentamidine isethionate did not exhibit amoebicidal effects (Table 2 ). In the control experiments, pentamidine isethionate effectively killed Acanthamoeba trophozoites (data not shown). The results are representative of at least three independent experiments.
For SDS, the results revealed that all tested concentrations of SDS killed trophozoites, but had no effect on the viability of cysts (Table 2) . However, it is noteworthy that cysts treated with 0.5 % SDS showed delayed excystation and it took up to 10-11 days to observe active trophozoites. Our finding that SDS (0.5 %) is ineffective in killing B. mandrillaris cysts is significant. The majority of protozoan pathogens that form cysts possess proteins and/or pores in their outer walls, which allow them to monitor environmental changes and/or to detect stimuli for excystation, and are susceptible to SDS. For example, Acanthamoeba, a close relative of Balamuthia is known to possess pores (ostioles), as well as cyst wall-specific proteins/carbohydrate, which makes it susceptible to even lower concentration of SDS (Hirukawa et al., 1998; Neff & Neff, 1969; Page, 1967; Tomlinson & Jones, 1962) . Ultrastructurally, B. mandrillaris cysts possess three walls and the presence of ostioles is yet to be demonstrated (Visvesvara et al., 1993) ; thus, at present, it is unclear how cysts would resist 0.5 % SDS. Moreover, heat inactivation of up to 100 u C did not lyse cysts but affected their viability. As for other protozoan pathogens, it is likely that the B. mandrillaris cyst wall largely comprises carbohydrates, a subject for future studies.
In conclusion, these findings suggest that B. mandrillaris cysts are highly resistant to physical, chemical and radiological conditions, which may allow them to occupy wide environmental conditions, including hostile surroundings. These results should provide a basis for determining the susceptibility of B. mandrillaris cysts to a range of disinfectants and/ or may help develop strategies for their eradication from environments common to humans. Recent studies have shown that B. mandrillaris can harbour pathogenic bacteria such as Legionella pneumophila (Shadrach et al., 2005) . L. pneumophila cells are known to be parasitic for a variety of amoeba, and this property allows them to survive in the environment, as well as in the amoebic intracellular environment, which might assist the bacteria in adapting to survive in mammalian phagocytic cells. Thus the ability of B. mandrillaris cysts to survive under harsh conditions may protect and help distribute L. pneumophila to a variety of hostile environmental settings, which may lead to bacterial transmission to susceptible hosts. Taken together, these results have significance for the epidemiology and control of infections due both to B. mandrillaris and L. pneumophila. 
